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Abstract—This paper presents a wireless measurement system 
for cardiopulmonary activity detection behind a wall. This 
system generates a continuous wave signal and is used at 2 
different frequencies: 2.4 GHz and 10 GHz. The transmitted 
signal is directed toward the patient’s chest situated at 1 m and 
then reflected. The radar system is based on a vector network 
analyzer, which measures the phase of S21. The phase variation of 
S21 contains information about heart and respiration activity. 
Measurements are carried out every 30 seconds, for a person 
sitting at a distance of 1 meter, directly in front of the system or 
behind a wall. Discrete wavelet transform is used as a processing 
technique to separate heartbeat signal from respiratory signal. 
The measurements were performed simultaneously with a PC-
based electrocardiogram (ECG) which is used as a reference to 
validate the information extracted from the measured signals. 
Keywords—heartbeat detection; continuous wave Doppler 
radar; electrocardiogram; heart rate; behind wall 
I.  INTRODUCTION  
Contactless monitoring of vital signs is needed in medical 
surveillance applications and in healthcare [1], especially for 
burn patients and newly born. In addition, it can be very useful 
for detecting signs of life of people buried under rubble after 
an earthquake or tornado. 
Non-contact microwave radar sensors have advantages 
over other contactless measurement systems like those based 
on video technologies, as microwave radar has sensibility 
towards tiny movements due to heartbeat and respiration. In 
addition, Doppler characteristics reveal extra details of 
motion, and thus enable gesture recognition [2]. Several radar 
types are used for the vital signs detection like ultra-wideband 
(UWB) radars, frequency modulated continuous wave 
(FMCW) radars, and continuous wave (CW) Doppler radars. 
Each of these radar technologies can be used to measure the 
Doppler shift and has its own advantages and disadvantages. 
Here, the CW Doppler radar is used because of its accuracy in 
the detection of vital signs and its ability to overcome the 
problem of clutter [3]. The Doppler radar first captures the 
chest motion. Then the human heartbeat and respiration rates 
are identified by signal processing techniques [4]. 
Several processing techniques are applied to separate 
heartbeat and respiratory signals based on band-pass filters 
[5], continuous-wavelet filters and ensemble empirical mode 
decomposition (EEMD) [6], and LMS adaptive harmonic 
cancellation algorithm [7]. 
In most of the previous studies, continuous wave Doppler 
radar was used for detecting vital signs of human subjects in 
indoor environments, hence the SNR was high. When the 
Doppler radar works outdoor, the SNR of the radar echo signal 
becomes low and it may be difficult to extract vital signs. 
However, detecting vital signs throw wall is highly desirable 
for a range of organizations, including police, fire, rescue 
personnel and defense forces to allow the detection even 
behind an obstacle [8]. 
In this work, heartbeat rate has been extracted using 
continuous wave Doppler radar in the presence of a separation 
wall for a person who breathes normally at 1 m from the 
system. To validate our measurement system and the selected 
signal processing techniques, as in [9], measurements were 
performed simultaneously with a PC-based electrocardiogram 
used as a reference system. 
The rest of this paper is organized as follows: Section II 
gives background information; Section III describes the 
measurement system. Section IV presents the data processing 
techniques. Obtained results are summarized and discussed in 
Section V. Finally, Section VI gives some concluding 
remarks. 
II. BACKGROUND INFORMATION 
According to the Doppler effect, when the radar signal is 
reflected by a target having a quasi-periodic motion, its phase 
will be modulated by the time-varying position of the target 
[10]. The relation between target displacement ∆x(t) and the 
phase variation ∆θ(t) is: 
 ∆Ɵ = ∆	
  (1) 
where  is the wavelength of the transmitted signal [5]. 
The person's chest is the target; and the reflected signal 
contains information about the chest displacement due to 
heartbeat and respiration. When breathing normally, the peak 
to peak variation of the chest is between 4 and 12 mm [10]. It 
is caused by respiration. When holding breath, the range of the 
chest displacement is between 0.2 and 0.5 mm [10]. In this 
case, the chest displacement is due to heartbeat only. Table I 
presents frequencies (Hz), heartbeat rates (beat per minute) 
and respiration per minute for each case. 
In this paper, measurements are done on adult persons; 
hence the frequency range is between 1 and 2 Hz. This work 
presents the heartbeat detection in the presence of a barrier. 
Barriers cause attenuation: α and β represent attenuation and 
phase constants, respectively [8]. 
TABLE I. FREQUENCIES AND RATES OF RESPIRATION AND HEARTBEAT 




Respiration 0.1 to 0.3 6 to 18 
Heartbeat 1 to 3 60 to 180 
Adult 
Heartbeat 1 to 2 60 to 120 
Babies 
heartbeat 2 to 3 120 to 180 
 
They can be expressed in terms of the material properties 
and frequency as: 
α = 2 	1   
  1 
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β = 2 	1   




where 	is the angular frequency,  is the permeability,  	is 
the real part of the relative permittivity. It accounts for the 
energy storing capability of the material.  is the permittivity 
of free space and  is the effective conductivity.  is the sum 
of static conductivity $which is responsible for the material’s 
ohmic losses and ac field conductivity %that is responsible to 
the heating of the dielectric material caused by the dipole 
oscillations [8]. Based on the formulas, the attenuation may be 
significant when the frequency increase, hence the error 
increase when the frequency increase. In addition, this 
attenuation should cause the augmentation of error relatively 
to the absence of the barrier. 
III. MEASUREMENT SYSTEM 
The measurement system is based on a vector network 
analyzer (VNA) and two horn antennas. Fig. 1 presents the 
system used for detecting vital signs of a person behind a wall. 
 
Fig. 1. Measurement system for a person behind a wall. 
The VNA is used to measure the time variation of the 
phase of the S21 parameter. S21 corresponds to the difference 
between the phases of the received and transmitted signals. 
The frequencies of the transmitted CW signal chosen for 
this study are: 2.4 GHz (ISM S-band) and 10 GHz (X-band). 
This choice allows to compare the accuracy of the results 
obtained using these frequencies. The horn antennas used in 
this experiment are the Q-par Angus Ltd (model number 
WBH2-18HN/S) operating between 2 and 18 GHz. The gain 
of the antennas is 11 dB at 2.4 GHz and 19 dB at 10 GHz. The 
total transmitted power is 1 mW (0 dBm). The radiated power 
of the antenna in dBm is the addition of the transmitted power 
of the VNA (dBm) and the gain of the antenna (dB); hence the 
radiated power is 11 dBm at 2.4 GHz and 19 dBm at 10 GHz. 
During 30 seconds, 20 000 points have been recorded. Hence, 
the sampling frequency is 666.7 Hz. 
A 54 years old person is sitting behind a concrete wall with 
10 cm thickness. The distance between the antennas system 
and the wall is 0.5 m and the distance between the wall and 
the person is 0.5 m. The person is breathing normally. 
To validate the proposed system and the ability of the 
system to detect heartbeat rate behind wall, the radar system 
measurements are performed simultaneously with ECG 
measurements. Fig. 2 presents the peak detection of the ECG 
signal for a window of 10 s. It is taken at the same moment 
when the person is setting behind wall with an emitted 
frequency equal to 2.4 GHz. Hence, 42 peaks are detected. 
 
Fig. 2. Peak detection of an ECG signal. 
Fig. 3 presents the phase variation (deg) of S21 for a person 
who is sitting in front of the system at 2.4 GHz and 10 GHz 
and for a person sitting in front of the system without and with 
a barrier (wall) for 2 different frequencies: 2.4 GHz and 10 
GHz. These signals represent the cardiorespiratory signal. 
 
 
Fig. 3. Phase of S21 (deg). 
IV. PROCESSING TECHNIQUES 
Processing technique is required in this work because 
respiratory amplitude is much larger than heartbeat amplitude; 
hence wavelet transform is chosen as processing technique for 
heartbeat extraction. This transform is a powerful tool to 
analyze non-stationary signals because it gives a good 
localization in time at high frequencies and good localization 
in frequency at low frequencies [11]. Two types of wavelets 
can be used: ‘Discrete Wavelet Transform’ and ‘Continuous 
Wavelet Transform’. In this paper, ‘Discrete Wavelet 
Transform’ (DWT) is used. DWT is computed by successive 
low-pass and high-pass filtering of the discrete time-domain 
signal [12]. After the low-pass filtering the signal corresponds 
to the approximation (An) while after the high-pass filtering 
the signal corresponds to the detail (Dn). For a signal having a 
sampling frequency fs, Dn contains frequencies between 
fs/2&'(
 
and fs/2& and An contains frequencies between 0 and 
fs/2&'(. 
By assembling the decompositions and approximations, 
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where N denotes the maximum level of decomposition. 
There are different families of wavelets. Families of 
wavelets make different trade-offs between how compactly the 
basic functions are localized in space and how smooth they 
are. Each family of wavelets has subclasses distinguished by 
the number of coefficients and by the level of iterations [10]. 
All families give reasonable results. Because Daubechies 5 
gives better results. It is chosen as wavelet family.  
 
 
Fig. 4. Peak detection applied on D8. 
Because heartbeat rate is between 60 and 120 beats per 
minute, which corresponds to a frequency between 1 and 2 
Hz, resampling method should be applied before wavelet 
decomposition to finally obtain a decomposition having 
frequencies between 1 and 2 Hz. In this work, the resampling 
method is used to convert the sampling frequency from 666.7 
Hz to 512 Hz. 
In conclusion, D8 contains the frequencies between 1 and 2 
Hz. Peak detection is applied on D8. Fig. 4 presents the peak 
detection applied on D8 for the results obtained at 2.4 GHz and 
10 GHz, with presence and absence of wall. 
V. RESULTS 
After peak detection of the heartbeat signal, parameters are 
extracted. The parameter extracted in this work is the 
heartbeat rate which is calculated using the relation (3): 
 45 = 607(.!'."'⋯'.89! (3) 
where N is the peaks number and dk is the duration of the 
interval determined by 2 successive peaks expressed in 
seconds. Relative error (RE) between the Heartbeat Rate 
extracted from the radar system (HRVNA) and that extracted 
from the ECG (HRECG) is calculated by the relation (4): 
 5: = 100 < =>?8@7	=>ABC=>ABC   (4) 
Table II presents the heartbeat rates extracted from ECG 
and the VNA, as well as the relative error for each case and 
each emitted frequency. 
 
TABLE II. HEARTBEAT RATE EXTRACTED FROM ECG AND FROM VNA FOR 









Direct 2.4 83 81 2.46 
Direct 10 80 84 5 
Behind wall 2.4 76 85 10.58 
Behind wall 10 80 90 11.11 
 
Based on the American National Standard [13], the system 
is considered accurate when the relative error is lower than 
10% or 5 bpm difference between the reference ECG and the 
microwave system. In general, obtained results are acceptable. 
The relative errors for measures taken directly in front of the 
person are less than 5 % and for those taken behind the wall 
are slightly less than 10 %. 
VI. CONCLUSION 
In this paper, a CW Doppler radar system has been used 
for cardiopulmonary activity measurements in different cases. 
ECG is taken as a reference signal and compared to the VNA 
signals. The heartbeat rate is extracted from a person sitting at 
a distance of 1 meter from the system, with emitted 
frequencies 2.4 and 10 GHz and in 2 cases: in presence and 
absence of wall. The system is able to detect the heartbeat 
signal at a distance of 1 m for both cases. Relative errors 
without wall are less than 5% and increase to 11% with 
presence of wall. Other measures can be done to ensure that 
daubechies 5 is better than other wavelet families and to 
ensure that relative error increase when frequency increase 
with presence of barrier. Future work will focus on 
determining the heartbeat rate of the person in movement and 
behind an obstacle. 
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